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ABSTRACT 
A new des ign  o f  a t o r s i o n  ba lance fo r  s tudy  o f  adhes ion  o f  ceramics  i s  d i scussed .  
s i o n  w i r e  and a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  a r e  used as t h e  sens ing  mechanism 
t o  m o n i t o r  l oad  and t o  measure p u l l - o f f  f o r c e  (adhes ion  f o r c e ) .  The r e s u l t s  o f  t h e  i n v e s t i -  
g a t i o n  suggest t h a t  t h i s  t o r s i o n  ba lance has proven t o  be v a l u a b l e  i n  s t u d y i n g  t h e  i n t e r f a -  
c i a l  p r o p e r t i e s  o f  ceramics  i n  c o n t r o l l e d  env i ronments  such as i n  u l t r a  h i g h  vacuum. The 
p u l l - o f f  f o r c e s  measured i n  d r y ,  moist, and s a t u r a t e d  n i t r o g e n  atmosphere demonst ra te  t h a t  
t h e  adhes ion  o f  s i l i c o n  n i t r i d e  t o  s i l i c o n  n i t r i d e  c o n t a c t s  remains  low a t  h u m i d i t i e s  be low 
80 pe rcen t  b u t  r i s e s  r a p i d l y  above 80 p e r c e n t .  The adhes ion  a t  s a t u r a t i o n  i s  10 t imes  o r  
more g r e a t e r  t han  t h a t  below 80 p e r c e n t  r e l a t i v e  h u m i d i t y .  The adhes ion  i n  a s a t u r a t e d  
atmosphere a r i s e s  p r i m a r i l y  f r o m  t h e  s u r f a c e  t e n s i o n  e f f e c t s  o f  a t h i n  f i l m  o f  water  
adsorbed on t h e  sur faces .  
t o  65x10-5 N/cm; t h e  accepted  va lue  for water  i s  7 2 . 7 ~ 1 0 - 5  N/cm. 
o f  s i l i c o n  n i t r i d e  i n  c o n t a c t  w i t h  m e t a l s ,  l i k e  t h e  f r i c t i o n  c h a r a c t e r i s t i c s  o f  s i l i c o n  c a r -  
b i d e  t o  meta l  c o n t a c t s ,  can be r e l a t e d  t o  t h e  r e l a t i v e  chemical  a c t i v i t y  o f  me ta l s  i n  u l t r a  
h i g h  vacuum. The more a c t i v e  t h e  m e t a l ,  t h e  h i g h e r  i s  t h e  adhes ion .  
INTRODUCTION 
A c r u c i a l  f a c t o r  i n  t h e  s t r u c t u r a l  performance o f  ceramics ,  ceramic  m a t r i x  compos i tes ,  and 
ceramic c o a t i n g s  f o r  use as components o f  advanced p r o p u l s i o n  systems such as gas t u r b i n e s  
and a d i a b a t i c  d i e s e l  eng ines  i s  t h e  j o i n i n g  of ceramics  t o  m e t a l s ,  t h e  f i b e r / m a t r i x  bond ing ,  
o r  t h e  c o a t i n g l s u b s t r a t e  bond ing .  Adhesion i s  deve loped i n  j o i n i n g ,  bond ing ,  and f i l m  for -  
ma t ion  processes .  Adhesion a l s o  occu rs  i n  f r i c t i o n  and wear p rocesses  o f  ceramics  r e s u l t -  
i n g  i n  h i g h  f r i c t i o n  and heavy s u r f a c e  damage. T h i s  i s  o f  impor tance i n  d e t e r m i n i n g  t h e  
h igh- tempera ture  phenomena and t h e  l i f e  o f  ceramic components. There fo re ,  adhes ion  o f  
ceramic su r faces  a t  h i g h  tempera tures  i s  of i n t e r e s t  t o  those concerned w i t h  m a t e r i a l s  and 
process  techno logy  as w e l l  as t h e  unders tand ing  o f  key  phenomena o f  ceramics  
(References  1 t o  7 ) .  
Adhesion has been e x t e n s i v e l y  s t u d i e d  f o r  me ta l s  and po lymers ,  b u t  o n l y  r e c e n t l y  examined 
f o r  ceramics  (References  8 t o  18). There i s  f a r  l e s s  unders tand ing  o f  t h e  f o r c e s  and bond- 
i n g  if two p ieces  of ceramics  a r e  b rough t  i n t o  c o n t a c t ,  e s p e c i a l l y  i n  t h e  case o f  h igh -  
tempera ture  phenomena. 
Adhesion i s  a m a n i f e s t a t i o n  o f  mechanical  s t r e n g t h  o v e r  an a p p r e c i a b l e  a rea  and i s  due t o  
many f a c t o r s  i n c l u d i n g  chemical  bond ing  and t h e  f r a c t u r e  p rocesses  i n v o l v e d  i n  f a i l u r e  o f  
t h e  i n t e r f a c e .  The s t r e n g t h  o f  adhes ion  i s  expressed as t h e  f o r c e  t o  p u l l  t h e  s u r f a c e s  
a p a r t  and i s  c a l l e d  t h e  p u l l - o f f  f o r c e  to  d i s t i n g u i s h  i t  from thermodynamic adhes ion  and 
from s u r f a c e  fo rces  (Reference 19).  The p u l l - o f f  f o r c e  undoub ted ly  depends on t h e  a r e a  o f  
r e a l  c o n t a c t ,  t h e  i n t e r f a c i a l  bond s t r e n g t h ,  t h e  mic romechan ica l  p r o p e r t i e s  o f  t h e  i n t e r -  
face, and modes o f  j u n c t i o n  r u p t u r e .  
exper imen ta l  method for  d e t e r m i n i n g  t h e  a rea  of r e a l  c o n t a c t .  F a c t o r s  wh ich  i n f l u e n c e  t h e  
adhes ion  and de fo rma t ion  behav io r  o f  ceramics  such as v i b r a t i o n  and env i ronment  a l s o  need 
to  be cons idered.  The prob lem o f  v i b r a t i o n  may cause j u n c t i o n  g rowth  i n  t h e  c o n t a c t  zone. 
There a r e  many unknown and un reso lved  problems, and adhes ion  s t u d i e s  o f  ceramics  a r e  b e s t  
performed o n l y  th rough  r e f i n e d  exper iments  under c a r e f u l l y  c o n t r o l l e d  l a b o r a t o r y  cond i -  
t i o n s ,  such as i n  a h i g h  vacuum or i n  an i n e r t  gas i n  o r d e r  t o  a v o i d  secondary e f f e c t s .  
A tor-  
The s u r f a c e  t e n s i o n  of t h e  water  f i l m  was c a l c u l a t e d  as 58x10-5 
Adhesion c h a r a c t e r i s t i c s  
U n f o r t u n a t e l y ,  t h e r e  i s  no s a t i s f a c t o r y  t h e o r y  or 
T h i s  paper a t  
i n  u l t r a  h i g h  
empts t o  descr  
vacuum even a t  
be an adhes ion  measur ing  appara tus ,  wh ich  a1 lows measurements 
h i g h  tempera tures  up t o  1200 "C, deve loped by t h e  p r e s e n t  
1 
a u t h o r s .  The m a t e r i a l s  wh ich  have been cons ide red  a r e  ceramic  and f i b e r  m a t e r i a l s  such as 
s i l i c o n  n i t r i d e  and s i l i c o n  c a r b i d e .  I n  t h i s  paper ,  however, adhes ion  o f  s i l i c o n  n i t r i d e  
w i l l  be d iscussed.  
The appara tus  was adapted for t h i s  purpose from t h e  Cavendish ba lance  used i n  measur ing  
g r a v i t a t i o n a l  f o r c e s  i n  1798 and a l s o  from a s i m i l a r  ba lance i n v e n t e d  by Coulomb i n  1784 t o  
1785 f o r  s t u d y i n g  f o r c e s  o f  e l e c t r i c a l  a t t r a c t i o n  and r e p u l s i o n  (References 20 and 21) .  
A f t e r  a d e s c r i p t i o n  o f  t h e  p r i n c i p l e s  o f  t h i s  method, t h e  adhes ion  appara tuses ,  and e x p e r i -  
mental  p rocedures ,  some r e s u l t s  o b t a i n e d  from p r e t e s t s  were f i r s t  desc r ibed  and a r e  used t o  
e v a l u a t e  t h e  per fo rmance o f  t h e  t o r s i o n  ba lance .  I n  t h e  p r e t e s t s  f o r c e s  o f  magnet ic  a t t r a c -  
t i o n  were examined u s i n g  t h e  t o r s i o n  ba lance .  
duc ted  t o  examine t h e  adhes ion  b e h a v i o r  o f  s i l i c o n  n i t r i d e .  The f i r s t  i s  conducted w i t h  
s i l i c o n  n i t r i d e  i n  c o n t a c t  w i t h  i t s e l f  i n  d r y ,  m o i s t ,  and s a t u r a t e d  n i t r o g e n  and t h e  second 
i s  conducted p r i m a r i l y  w i t h  s i l i c o n  n i t r i d e  i n  c o n t a c t  w i t h  t r a n s i t i o n  me ta l s  i n  vacuum. 
THE PRINCIPLE A N D  ANALYSIS OF SPRING STIFFNESS 
Two types  o f  adhes ion  exper iments  were con- 
The P r i n c i p l e  o f  O p e r a t i o n  
The adhes ion  measur ing  appara tus  used i n  t h i s  i n v e s t i g a t i o n  i s  a t o r s i o n  ba lance adapted 
from t h e  Cavendish ba lance .  The t o r s i o n  ba lance c o n s i s t s  o f  a mass m and a sensor,  such 
as an e lec t romechan ica l  t ransducer ,  mounted a t  o p p o s i t e  ends of a h o r i z o n t a l  r o d  wh ich  i s  
suppor ted  a t  i t s  c e n t e r  by  a v e r t i c a l  w i r e ,  such as a music w i r e  ( F i g u r e  1 ) .  Another  mass 
M i s  b rough t  up t o  t h e  p o s i t i o n  shown. I n  o r d e r  t o  use t h e  ba lance,  t h e  mass M i s  moved 
toward  t h e  mass m, p resses  a g a i n s t  i t  and t w i s t s  t h e  w i r e  th rough  a smal l  ang le  w i t h  a no r -  
mal f o r c e ,  t h e  normal l o a d i n g  p rocess ,  t h e r e b y  moving t h e  sensor .  The mass M i s  t h e n  
g r a d u a l l y  moved h o r i z o n t a l l y  backward u n t i l  t h e  two masses m and M a r e  p u l l e d  a p a r t  i n  
a normal d i r e c t i o n ,  t h e  u n l o a d i n g  process .  If t h e  f o r c e  o f  adhes ion  between t h e  two masses 
m and M i s  z e r o ,  t h e  mass M separa tes  from m a t  i t s  o r i g i n a l  p o s i t i o n  and u n t w i s t s  
t h e  w i r e ,  t he reby  moving t h e  sensor back t o  i t s  o r i g i n a l  p o s i t i o n .  I f  an adhes ive  f o r c e  
between t h e  two masses m and M i s  p r e s e n t ,  t h e  f o r c e  t w i s t s  t h e  w i r e  as mass M moves 
backward u n t i l  t h e  w i r e  deve lops  s u f f i c i e n t  f o r c e  t o  separa te  t h e  s u r f a c e s  o f  masses m 
and M i n  t h e  normal d i r e c t i o n .  
I n  t h i s  system, t h e  a t t r a c t i v e  fo rce  o f  adhes ion  and t h e  f o r c e  r e q u i r e d  t o  p u l l  t h e  su r -  
f aces  o f  t h e  two masses a p a r t ,  t h e  p u l l - o f f  f o rce ,  a c t  a l o n g  a h o r i z o n t a l  d i r e c t i o n  w i t h o u t  
t h e  e f f e c t  o f  g r a v i t y .  The we igh ts  of a l l  t h e  components (such as r o d ,  sensor ,  w i r e ,  e t c . )  
a c t  i n  t h e  v e r t i c a l  d i r e c t i o n  due t o  g r a v i t y .  
By u s i n g  a f i n e  music w i r e  i n  t h e  p r a c t i c a l  adhes ion  appara tus ,  t h e  d i sp lacemen t  o f  t h e  
mass m may be made s u f f i c i e n t l y  l a r g e  so t h a t  t h e  adhesion, t h a t  i s ,  p u l l - o f f  f o r c e ,  can 
be measured a c c u r a t e l y .  
T o r s i o n a l  S p r i n g  S t i f f n e s s  o f  Wire 
I n  o r d e r  t o  f i n d  t h e  t y p e  o f  mo t ion  per fo rmed by  t h e  t o r s i o n  ba lance a f t e r  t h e  mass has 
been d i s p l a c e d  from i t s  n e u t r a l  p o s i t i o n  and t o  de te rm ine  t h e  v a l u e  o f  t o r s i o n a l  s p r i n g  
s t i f f n e s s  o f  t h e  w i r e  used i n  t h e  t o r s i o n  ba lance,  a s imp le  spr ing-mass system, a t o r s i o n a l  
pendulum, shown i n  F i g u r e  2 was cons ide red  (References  22 and 2 3 ) .  The t o r s i o n a l  pendulum 
i s  suspended v e r t i c a l l y  w i t h  t h e  w i r e .  F i g u r e  2 (a )  p r e s e n t s  t h e  s i d e  v iew  of t h e  system 
c o n s i s t i n g  o f  a mass w i t h  moment o f  i n e r t i a  J about  t h e  w i r e  a x i s ,  suspended by t h e  w i r e  
o f  s t i f f n e s s  K .  F i g u r e  2 ( b )  p r e s e n t s  an end v iew .  I n  o t h e r  words, an i r r e g u l a r  body i s  
s i m p l y  a t t a c h e d  to  t h e  s p r i n g  w i r e  i n  such a way t h a t  t h e  mass i s  f o r c e d  t o  r o t a t e  abou t  
t h e  a x i s  o f  t h e  w i r e .  The system i s  a l s o  used t o  de te rm ine  e x p e r i m e n t a l l y  t h e  s t i f f n e s s  
K o f  t h e  s p r i n g  m a t e r i a l s ,  t h a t  i s ,  t h e  s p r i n g  c o n s t a n t  k o f  w i r e s  used i n  t h i s  s t u d y .  
I t  i s  assumed i n  t h e  f o l l o w i n g  fo rmulas  t h a t  a w i r e  s p r i n g  i s  i n  no  case s t r e s s e d  beyond 
t h e  e l a s t i c  l i m i t  ( i . e . ,  t h a t  i t  i s  p e r f e c t l y  e l a s t i c )  and t h a t  i t  i s  s u b j e c t  t o  Hooke's 
law.  A l l  e x t e r n a l  t o rques  a c t i n g  on t h e  suspended mass a r e  cons ide red  p o s i t i v e  c l o c k w i s e  
when viewed from below (see F i g u r e  2 ) .  
law g 
m i  nus 
c i  r c u  
Because o f - t h e  f w i s t  8 o f  t h e  w i r e ,  a c o u n t e r c l o c k w i s e  tor  
ves q = -K8. For  convenience a t o r q u e  i s  u s u a l l y  d r a  
s i g n s  a r e  avo ided,  and t h e  f ree -body  d iagram o f  f i g u r e  
a r  w i r e  o f  d iamete r  d and l e n g t h  L, t h e  t o r q u e  q 
-BcIp 
q =  L 
A f ree-bodv  d iaaram o f  t h e  mass w i t h  a l l  t h e  to rque  a c t i n g  on i t  i s  shown i n  F i g u r e  2 ( c ) .  
ue K8 i s  exe r ted ,  and Hooke's 
n i n  such a d i r e c t i o n  t h a t  
2 ( c )  i s  o b t a i n e d .  For  a s o l i d  
s rep resen ted  by t h e  f o r m u l a  
( 1 )  
The t o r s i o n a l  s t i f f n e s s  K i s  t hen  g i v e n  by t h e  f o r m u l a  
K = A = -  nGd4 
L 32L 
A p p l y i n g  Newton 's  l aw  g i v e s  -KO = J e ,  o r  
J6 + KB = 0 
which  i s  t h e  d i f f e r e n t i a l  e q u a t i o n  o f  t h e  harmonic o s c i l l a t o r .  I n t r o d u c i n g  t h e  q u a n t i t y  
i n  Equa t ion  ( 3 )  p u t s  i t  i n  t h e  f o l l o w i n g  form: 
2 e + w,e = o 
The s o l u t i o n  i s  g i v e n  as 
e = A t - y) n (6) 
where t i s  t h e  t i m e  and on  i s  t h e  n a t u r a l  angu la r  f requency  wh ich  i s  2n t imes  t h e  
n a t u r a l  f requency  fn. The cons tan ts  A and y a r e  de termined by  t h e  way i n  wh ich  t h e  
motion was s t a r t e d .  The m o t i o n  i n  t h i s  case i s  harmonic w i t h  t h e  c o n s t a n t  A ,  t h e  a r b i -  
t r a r y  a m o l i t u d e .  and t h e  c o n s t a n t  y. t h e  a r b i t r a r y  phase ang le  between t h e  mo t ion  and t h e  
r e f e i e n c e  m o t i o n  cos 
The n a t u r a l  f requency  
The n a t u r a l  p e r i o d  o f  
fn o f  t h e  system i s  then  g i v e n  by t h e  exp ress ion  
n 2n 
t h e  mo t ion  i s  t h e r e f o r e  
( 7 )  
(8 )  
I t  i s  t o  be n o t e d  from Equa t ion  (8) t h a t  t h e  n a t u r a l  p e r i o d  o f  t h e  v i b r a t i o n  decreases w i t h  
t h e  s p r i n g  s t i f f n e s s  K, wh ich  i s  a measure o f  t h e  r e s t o r i n g  f o r c e ,  i nc reases  w i t h  an 
i n c r e a s e  o f  mass m ( i . e . ,  w i t h  moment o f  i n e r t i a  J ) ,  and i s  w h o l l y  independent  o f  t h e  a r b i -  
t r a r y  c o n s t a n t s  A and y. 
If a d d i t i o n a l  i r r e g u l a r  bod ies  (masses) h a v i n g  t h e  moment o f  t h e  i n e r t i a  AJ a r e  s i m p l y  
a t t a c h e d  t o  t h e  s lender  w i r e  i n  such a way t h a t  t h e  a x i s  o f  one o f  t h e i r  p r i n c i p l e  moments 
o f  i n e r t i a  c o i n c i d e s  w i t h  t h e  a x i s  o f  t h e  w i r e ,  t h e  t o t a l  moment o f  i n e r t i a  abou t  t h e  sus- 
pens ion  a x i s  i s  g i v e n  as J + AJ ( F i g u r e  2 ( d ) ) .  From Equa t ion  (8). t h e  n a t u r a l  p e r i o d  of 
t h e  o s c i l l a t i o n  Tn1 for  J + AJ would be 
By measurement o f  t h e  n a t u r a l  p e r i o d s  tn and T,] o f  t h e  o s c i l l a t i o n s ,  t h e  va lue  K of 
t h e  t o r s i o n a l  s t i f f n e s s  i s  t hen  o b t a i n e d  from Equa t ions  (8 )  and ( 9 )  i n  t h e  form 
4nLAJ 
2 2 
'n1 - 'n 
K =  (IO) 
T h i s  i s  a conven ien t  form i n  wh ich  t o  de te rm ine  e x p e r i m e n t a l l y  t h e  t o r s i o n a l  s t i f f n e s s  K 
o f  a w i r e .  
The t o r s i o n a l  s p r i n g  s t i f f n e s s  of w i r e  can be de te rm ined  e x p e r i m e n t a l l y  a l s o  by  t h e  tor- 
s i o n a l  moment -de f lec t ion  r e l a t i o n s h i p  q = -KO for  a s lender  w i r e  ( F i g u r e  3 ) .  I n  F i g u r e  3 
i s  shown a v iew  o f  t h e  pendulum c o n s i s t i n g  o f  t h e  w i r e  and r o d  h e l d  h o r i z o n t a l l y .  
we igh t  AMg i s  a t t a c h e d  t o  t h e  r o d  a t  a d i s t a n c e  a from t h e  w i r e .  The t o r q u e  q i s  




e ( 1 1 )  K = -  
Thus, t h e  s t i f f n e s s  K o f  t h e  s p r i n g  m a t e r i a l s  can be de termined e x p e r i m e n t a l l y  u s i n g  
Equa t ion  (2). (10) o r  ( 1 1 ) .  
MATER I ALS 
Hot pressed p o l y c r y s t a l l i n e  magnesia doped s i l i c o n  n i t r i d e  and s i n t e r e d  p o l y c r y s t a l l i n e  
m a g n e s i a - p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  (Mg-PSZ) were used i n  t h e  adhes ion  exper iments  
(References  24 and 25 ) .  
A l l  me ta l s  used i n  t h e  exper imen ts  were a l s o  p o l y c r y s t a l l i n e .  The t i t a n i u m  was 
99.97 p e r c e n t  pu re ,  and a l l  t h e  o t h e r  me ta l s  were 99.99 p e r c e n t  pu re .  
APPARATUSES 
Two appara tuses  used i n  t h i s  i n v e s t i g a t i o n  were based on t h e  t o r s i o n  mechanism. One was 
used f o r  t h e  p r e t e s t s  i n  c a r e f u l l y  c o n t r o l l e d  l a b o r a t o r y  a i r .  The second appara tus  was 
used fo r  t h e  adhes ion  exper imen ts  o f  t h e  ceramics  and was p l a c e d  i n  a vacuum chamber 
( F i g u r e  4). They were b a s i c a l l y  a p i n  on a f l a t  c o n f l g u r a t i o n ,  as t y p i c a l l y  shown i n  
F i g u r e  4.  The f l a t  (or t h e  p i n )  was mounted on a suppor t  and r e t a i n e d  on a mic rometer -  
head-screw-dr iven p l a t f o r m  moved by  an e l e c t r i c  motor. 
one end o f  a movable beam. 
end o f  t h e  beam. The c o i l s  o f  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  were mounted on a 
s t a t i o n a r y  beam. There was no  p h y s i c a l  c o n t a c t  between t h e  movable magnet ic  co re  and t h e  
c o i l  s t r u c t u r e .  The movable beam was suppor ted  by  a music w i r e  a c t i n g  as a t o r s i o n  s p r i n g .  
The f l a t  (or t h e  p i n )  specimen was moved toward  t h e  p i n  (or t h e  f l a t ) ,  p ressed a g a i n s t  i t  
w i t h  a known f o r c e ,  and then  moved back h o r i z o n t a l l y  u n t i l  t h e  p i n  and f l a t  were p u l l e d  
a p a r t .  The d i sp lacemen t  o f  t h e  mov ing  p i n  (or t h e  f l a t )  was c o n t i n u o u s l y  m o n i t o r e d  u s i n g  
t h e  l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  d u r i n g  exper imen ts .  The d i sp lacemen t  o f  t h e  
p i n  (or t h e  f l a t )  p r o v i d e d  a measure o f  t h e  a p p l i e d  normal l o a d  or p u l l - o f f  f o r c e ,  adhes ion .  
EXPERIMENTAL PROCEDURES 
Specimen P r e p a r a t i o n  
The c o n t a c t i n g  s u r f a c e s  o f  t h e  ceramic  specimens were hemispher i ca l  or f l a t  and were p o l -  
i s h e d  w i t h  diamond powder 3 pin and l pm i n  d iamete r .  The p o l i s h e d  faces  had smooth, 
b r i g h t ,  l u s t r o u s  s u r f a c e s .  The r a d i u s  o f  c u r v a t u r e  o f  t h e  h e m i s p h e r i c a l  s i l i c o n  n i t r i d e  
p i n s  were 1.6 mm. 
The c o n t a c t i n g  su r faces  o f  t h e  m e t a l s  were hemispher i ca l  and were p o l i s h e d  f i rst w i t h  
diamond powder 3 pm and 1 pm i n  d iamete r  and then  w i t h  aluminum o x i d e  powder lpm i n  
d iamete r .  The r a d i i  o f  c u r v a t u r e  o f  t h e  meta l  p i n s  were 0 .79  or 1 .6  mm. 
A l l  t h e  specimens used i n  t h i s  i n v e s t i g a t i o n  were r i n s e d  w i t h  a b s o l u t e  e t h a n o l  b e f o r e  t h e  
exper imen ts .  
Procedures 
The p r e t e s t s  and two types  o f  adhes ion  measurements for s i l i c o n  n i t r i d e  were conducted. 
As p o i n t e d  o u t  p r e v i o u s l y ,  t h e  s t i f f n e s s  K o f  t h e  music w i r e s  can be de termined by Equa- 
t i o n  (2). ( l o ) ,  or ( 1 1 ) .  The r e s u l t s  a r e  p resen ted  i n  Tab le  l . Us ing  t h e  va lues  o f  t h e  
s t i f f n e s s  K o b t a i n e d  from Equa t ion  ( l o ) ,  t h e  t o r s i o n  ba lances  were c a l i b r a t e d  t o  measure 
f o r c e  and were used t o  de te rm ine  unknown f o r c e s  a c t i n g  on t h e  t o r s i o n  w i r e s .  The f o r c e  a c t -  
i n g  on t h e  t o r s i o n  w i r e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e f l e c t i o n  o f  t h e  movable beam, as 
mon i to red  by t h e  l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r .  
P r e t e s t s  - The p r e t e s t s  were conducted  i n  l a b o r a t o r y  a i r  w i t h  hemispher i ca l  f e r r i t e  p i n s  
(NiO, 11.0; ZnO, 2 2 . 2 ;  Fe2O3, 66.0 a t  1.) i n  c o n t a c t  w i t h  f l a t  surfaces o f  mic roscope s l i d e s  
made from h i g h  p u r i t y  g l a s s .  
beh ind  a s t a c k  o f  g l a s s  f l a t s  and r e t a i n e d  i n  a v i c e  mounted on  a micrometer-head-screw 
d r i v e n  p l a t f o r m  moved by  an e l e c t r i c  motor ( F i g u r e  5 ) .  The th i cknesses  o f  t h e  g l a s s  f l a t  
s tacks  were 5.71 t o  7.84 mm. The f e r r i t e  p i n  was mounted on one end o f  t h e  movable beam. 
The magnet ic  i n d u c t i o n  or magnet ic  f l u x  d e n s i t y  
t h e  s i t e  o f  c o n t a c t  between t h e  f e r r i t e  p i n  and g l a s s  f l a t ,  was a l s o  measured w i t h  a conven- 
t i o n a l  Gauss-meter sensor i n  c o n t a c t  w i t h  t h e  s u r f a c e  g l a s s  f l a t .  
The p i n  ( o r  f l a t )  was mounted on 
A f ree -mov ing ,  rod-shaped magnet ic  c o r e  was mounted on t h e  o t h e r  
A permanent magnet (magnet ic  f l u x  d e n s i t y ,  1200 G) was mounted 
B, wh ich  t h e  permanent magnet produced a t  
4 
For  p u l l - o f f  f o r c e  measurements, t h e  p i n  specimens were b rough t  i n t o  c o n t a c t  w i t h  t h e  f l a t  
specimens by  moving t h e  micrometer-head-screw f o r w a r d  a t  speeds o f  3.7, 1.8,  or 1 .2  mm/s. 
Con tac t  was m a i n t a i n e d  f o r  20 t o  30 sec and then  t h e  p i n  and f l a t  specimen s u r f a c e s  w e r e  
p u l l e d  a p a r t  by moving t h e  micrometer-head-screw backward. 
m o n i t o r e d  by  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r .  
Adhesion Measurements - The f i r s t  s e t  o f  exper imen ts  was conducted  i n  d r y ,  moist, and sa t -  
u r a t e d  n i t r o g e n  atmosphere. The e n t i r e  t o r s i o n  ba lance was p l a c e d  i n  t h e  chamber p resen ted  
i n  F i g u r e  4 .  
A f t e r  d r y  n i t r o g e n  was a d m i t t e d  i n t o  t h e  system, t h e  s i l i c o n  n i t r i d e  p i n  and f l a t  specimens 
were p l a c e d  i n  t h e  exper imen ta l  appara tus  and m a i n t a i n e d  i n  d r y  n i t r o g e n  f o r  15 min .  
Adhesion measurements were then  conducted  i n  d r y  n i t r o g e n .  F u r t h e r ,  t h e  atmosphere was 
h u m i d i f i e d  t o  t h e  d e s i r e d  r e l a t i v e  h u m i d i t y  by a d m i t t i n g  humid n i t r o g e n  i n t o  t h e  system and 
adhes ion  measurements were conducted i n  t h e  humid n i t r o g e n .  
The second s e t  o f  exper iments  was conducted i n  vacuum. 
p laced  i n  a vacuum chamber, and t h e  system was evacuated  and baked o u t  t o  ach ieve  a p res -  
su re  o f  30 nPa ( F i g u r e  4 ) .  I n - s i t u  adhes ion  exper iments  were f i r s t  conducted  w i t h  t h e  
as - rece ived  specimens i n  a 30 nPa vacuum. F u r t h e r ,  i o n - s p u t t e r  e t c h i n g  o f  t h e  p i n  and f l a t  
specimens was per fo rmed w i t h  a beam energy  o f  3000 eV a t  20 mA beam c u r r e n t  w i t h  an argon 
p r e s s u r e  o f  0 .7  mPa. The i o n  beam was c o n t i n u o u s l y  r a s t e r e d  o v e r  t h e  specimen s u r f a c e .  
A f t e r  s p u t t e r  e t c h i n g ,  t h e  system was reevacua ted  t o  a p ressu re  o f  30 nPa o r  l ower  and then 
i n - s i t u  adhes ion  measurements were conducted w i t h  t h e  i o n - s p u t t e r  c leaned  specimens i n  a 
30 nPa vacuum. The s u r f a c e  c l e a n l i n e s s  o f  t h e  p i n  and f l a t  specimens was v e r i f i e d  by x - ray  
p h o t o e l e c t r o n  spec t roscopy  a n a l y s i s .  
For adhes ion  measurements b o t h  i n  n i t r o g e n  and i n  vacuum, t h e  p i n  specimen was b rough t  i n t o  
c o n t a c t  w i t h  t h e  f l a t  specimen by moving t h e  micrometer-head-screw f o r w a r d  a t  a speed o f  
0 .30  mm/min i n  a c o n t r o l l e d  n i t r o g e n  atmosphere. Con tac t  was ma n t a i n e d  for  30 sec and t h e  
p i n  and f l a t  specimen su r faces  were p u l l e d  a p a r t  by  moving t h e  m crometer-head-screw back- 
ward. 
t i a l  t r a n s f o r m e r .  
RESULTS AND DISCUSSION 
P r e t e s t s  
The magnet ic  f i e l d  wh ich  t h e  permanent magnet produced a t  t h e  c o n t a c t  s i t e  between t h e  f e r -  
r i t e  p i n  and t h e  g l a s s  f l a t  was p r i m a r i l y  r e s p o n s i b l e  fo r  t h e  measured p u l l - o f f  f o r c e  
( F i g u r e  5 . ) .  
The magnet ic  f i e l d  B a t  t h e  d i s t a n c e  t from t h e  permanent magnet h a v i n g  magnet ic  moment 
M1 i s  g i v e n  by  
The d i sp lacemen t  o f  t h e  p i n  was 
The p i n  and f l a t  specimens were 
The d i sp lacemen t  o f  t h e  f l a t  specimen was mon i to red  by a i n e a r  v a r i a b l e  d i f f e r e n -  
M1 
2*t3 
B = -  ( 1 2 )  
from References  26 and 27. I n  t h e  e q u a t i o n  t h e  magnet ic  f i e l d  B i s  s t r o n g l y  r e l a t e d  t o  
t h e  d i s t a n c e  t .  
F i g u r e  6 p r e s e n t s  d a t a  fo r  magnet ic  f l u x  d e n s i t i e s  B measured as a f u n c t i o n  o f  t h e  d i s -  
t ance  
meter  sensor .  The d a t a  r e v e a l  a decrease i n  magnet ic  f l u x  d e n s i t y  w i t h  an i n c r e a s e  i n  
d i s t a n c e .  The r e l a t i o n  between t h e  magnet ic  f l u x  d e n s i t y  B and t h e  d i s t a n c e  t i s  g i v e n  
by  an e x p r e s s i o n  o f  t h e  form from F i g u r e  6. 
Equa t ion  ( 1 2 ) .  
The f o r c e  of magnet ic  a t t r a c t i o n  
permanent magnet i s  t h e o r e t i c a l l y  g i v e n  by (Reference 27) 
t ,  wh ich  i s  t h e  spac ing  between t h e  s u r f a c e s  o f  t h e  permanent magnet and t h e  Gauss- 
B a t - 3  The -3 power i s  i n t e r p r e t e d  u s i n g  





po t h e  p e r m e a b i l i t y  o f  vacuum 
t t h e  d i s t a n c e  between t h e  permanent magnet and t h e  t i p  o f  t h e  p i n  specimen 
F u r t h e r ,  t h e  r e l a t i o n s h i p  between t h e  a t t r a c t i v e  f o r c e  F and t h e  magnet ic  f l u x  d e n s i t y  
B i s  t h e o r e t i c a l l y  g i v e n  by 
magnet ic  moment o f  t h e  permanent magnet 
magnet ic  moment o f  t h e  f e r r i t e  p i n  
F i g u r e s  7 and 8 p r e s e n t  t h e  p u l l - o f f  f o rces  necessary  t o  separa te  t h e  f e r r i t e  p i n  from t h e  
s u r f a c e  o f  t h e  g l a s s  f l a t s .  
a p p l i e d  p u l l - o f f  f o r c e  i s  ba lanced by  t h e  magnet ic  a t t r a c t i o n  a c t i n g  i n  t h e  o p p o s i t e  d i r e c -  
t i o n .  The p u l l - o f f  f o r c e s  of t h e  f e r r i t e - g l a s s  c o n t a c t s  shown i n  F igu res  7 and 8 a r e  due 
p r i m a r i l y  t o  t h e  magnet ic  a t t r a c t i o n .  The nar rower  t h e  d i s t a n c e  between t h e  permanent mag- 
n e t  and t h e  f e r r i t e  p i n ,  t h e  g r e a t e r  t h e  p u l l - o f f  f o r c e  r e q u i r e d  ( F i g u r e  7 ) .  E q u i v a l e n t l y  
t h e  h i g h e r  t h e  magnet ic  f l u x  d e n s i t y  
l a t i o n s h i p s  o f  t h e  p u l l - o f f  f o r c e  t o  t h e  d i s t a n c e  
a r e  g i v e n  by two exp ress ions  
The -4 power and t h e  4 / 3  power a r e  i n t e r p r e t e d  u s i n g  Equat ions  (13 )  and (14 ) .  respec- 
t i v e l y .  
speeds o f  2 .2 ,  1 . 1 ,  and 0.72 mm/min. 
Adhesion Measurements 
When t h e  f e r r i t e  p i n  de taches  from t h e  g l a s s  s u r f a c e ,  t h e  
B, t h e  g r e a t e r  t h e  p u l l - o f f  f o r c e  ( F i g u r e  8 ) .  The r e -  
t and t o  t h e  magnet ic  f l u x  d e n s i t y  6 
F = B4 I3 ,  r e s p e c t i v e l y ,  f r o m  F i g u r e s  7 and 8 .  
Note t h a t  t h e r e  were no  changes i n  p u l l - o f f  f o r c e  w i t h  c o n t a c t i n g  and s e p a r a t i n g  
F 0: t-4 and 
N i t r o g e n  Atmosphere - For a hemispher i ca l  s i l i c o n  n i t r i d e  p i n  
i c o n  n i t r i d e  f l a t  i n  d r y ,  moist,  and s a t u r a t e d  n i t r o g e n ,  adhes 
below 80 p e r c e n t  b u t  r o s e  r a p i d l y  above 80 p e r c e n t  ( F i g u r e  9 ) .  
change i n  adhes ion  w i t h  normal l o a d  i n  t h e  range of  0.2 to  0.8 
r a t e d  n i t r o g e n .  
I t  i s  a n t i c i o a t e d  t h a t  t h e  adhes ion  observed i n  a s a t u r a t e d  n i  
n e l a s t i c  c o n t a c t  w i t h  a s i l -  
on remained low a t  h u m i d i t i e s  
mN i n  d r y ,  moist, and sa tu-  
Note t h a t  t h e r e  was no  
rogen atmosphere a rose  D r i -  
m a r i l y  from t h e  s u r f a c e  t e n s i o n  e f f e c t s  o f  a t h i n  f i l m  of water  adsorbed on t h e  s i l i c o n  
n i t r i d e  s u r f a c e s .  The happenings a t  t h e  i n t e r f a c e  may be v i s u a l i z e d  as f o l l o w s :  a s i l i c o n  
n i t r i d e  p i n  i s  e s s e n t i a l l y  i n  e l a s t i c  c o n t a c t  w i t h  a s i l i c o n  n i t r i d e  f l a t  s u r f a c e ,  w i t h  a 
t h i n  f i l m  o f  water  between them ( F i g u r e  10 (a ) ) .  When t h e  normal l o a d  i s  removed and t h e  
e l a s t i c  s t r e s s e s  w i t h i n  t h e  b u l k  o f  t h e  specimens a r e  re leased ,  t h e  i n t e r f a c i a l  j u n c t i o n s  
a r e  broken one by one. When t h e  p i n  ( o f  r a d i u s  R )  de taches  f r o m  t h e  f l a t  ( F i g u r e  1 0 ( b ) ) ,  
t h e  a p p l i e d  s e p a r a t i o n  f o r c e  i s  ba lanced by t h e  s u r f a c e  t e n s i o n  of  a t h i n  f i l m  o f  wa te r  
r e s i s t i n g  t h e  e x t e n s i o n  o f  t h e  s u r f a c e .  Suppose t h e  l i q u i d  c o l l e c t s  t o  form a poo l  a t  t h e  
t i p  o f  t h e  h e m i s p h e r i c a l  p i n  and t h e  r a d i u s  of c u r v a t u r e  o f  t h e  p r o f i l e  o f  t h e  meniscus i s  
r .  I f  t h e  meniscus i s  v e r y  sma l l  (r < <  R )  and t h e  l i q u i d  c o m p l e t e l y  wets t h e  s u r f a c e  
( i . e . ,  t h e  c o n t a c t  ang le  i s  z e r o ) ,  t h e  p r e s s u r e  p i n s i d e  t h e  l i q u i d  i s  l e s s  than  atmos- 
p h e r i c  p r e s s u r e  by a p p r o x i m a t e l y  T / r ,  where T i s  t h e  s u r f a c e  t e n s i o n  o f  t h e  l i q u i d .  
T h i s  a c t s  o v e r  an a r e a  pna* 
( i . e . ,  n a 2 T / r ) .  To a c l o s e  approx ima t ion  a2 = 2R x 2 r ,  where R i s  t h e  r a d i u s  of cu rva -  
t u r e  o f  t h e  s p h e r i c a l  s u r f a c e .  The r e s u l t i n g  adhes ive  f o r c e  i s  t h e  f o l l o w i n g  
(see References 16 and 28 ) :  
.a2 o f  t h e  water  p o o l ,  g i v i n g  a t o t a l  adhes ive  f o r c e  o f  
Z = 4Rrn (!) = 4nRT (15)  
Adhesion i s  t hus  independent  b o t h  of t h e  t h i c k n e s s  of t h e  water  f i l m  and t h e  a p p l i e d  normal 
l o a d .  The s u r f a c e  t e n s i o n  c a l c u l a t e d  from these r e s u l t s  ( F i g u r e  9 )  i s  58x10-5 t o  
65x10-5 N/cm. 
t o  t h e  s u r f a c e  roughness and i r r e g u l a r i t i e s  o f  roundness or f l a t n e s s  o f  t h e  s i l i c o n  n i t r i d e  
specimens. The i r r e g u l a r i t i e s  can a f f e c t  t h e  r a d i i  o f  c u r v a t u r e  o f  t h e  hemispher i ca l  p i n  
and meniscus. 
Vacuum - Adhesion exper iments  were conducted  w i t h  s i l i c o n  n i t r i d e  i n  c o n t a c t  w i t h  me ta l s  
and ceramics  i n  vacuum. T y p i c a l  r e s u l t s  a r e  p resen ted  i n  F i g u r e  1 1 .  The marked d i f f e r e n c e  
i n  adhes ion  fo r  t h e  as - rece ived  and t h e  i o n - s p u t t e r  c leaned  specimens shows t h e  e f f e c t  o f  
adsorbates  on t h e  adhes ion  p r o p e r t i e s .  
i n g  s i l i c o n  n i t r i d e  f l a t s  i n  t h e  as - rece ived  c o n d i t i o n  were r e l a t i v e l y  s m a l l .  
The accepted  v a l u e  fo r  wa te r  i s  7 2 . 7 ~ 1 0 - 5  N/cm. T h i s  d i sc repancy  may be due 
The p u l l - o f f  f o r c e s  for  me ta l s  and ceramics  c o n t a c t -  
However, 
removing adsorbed f i l m s  f r o m  the  sur faces  of ceramics  and me ta l s  r e s u l t e d  i n  s t r o n g  i n t e r f a -  
c i a l  adhes ion ,  when two such s o l i d s  were b rough t  i n t o  c o n t a c t .  
P a u l i n g ,  i n  t h e  1940 's .  f o r m u l a t e d  a resonat ing-va lence-bond t h e o r y  o f  me ta l s  and i n t e r -  
m e t a l l i c  compounds i n  wh ich  numer i ca l  va lues  c o u l d  be p laced  on t h e  bond ing  c h a r a c t e r  o f  
t h e  v a r i o u s  t r a n s i t i o n  e lements  (Reference 2 9 ) .  S ince  t h e  d-va lence bonds a r e  n o t  com- 
p l e t e l y  f i l l e d  i n  t r a n s i t i o n  me ta l s ,  t h e y  a r e  r e s p o n s i b l e  f o r  such p h y s i c a l  and chemical  
p r o p e r t i e s  as cohes ive  energy ,  shear modulus, and chemica l  s t a b i l i t y .  The g r e a t e r  t h e  
amount o r  pe rcen tage  o f  d-bond c h a r a c t e r  t h a t  a meta l  possesses, t h e  l e s s  a c t i v e  i s  i t s  sur -  
f a c e .  Whi le  t h e r e  have been c r i t i c s  o f  t h i s  t h e o r y ,  i t  appears t o  be most p l a u s i b l e  i n  
e x p l a i n i n g  t h e  i n t e r f a c i a l  i n t e r a c t i o n s  o f  t r a n s i t i o n  me ta l s  i n  c o n t a c t  w i t h  ceramics  as 
w e l l  as w i t h  themse lves .  I t  was found t h a t  t h e  c o e f f i c i e n t  o f  f r i c t i o n  for  t r a n s i t i o n  m e t -  
a l s  i n  c o n t a c t  w i t h  themselves o r  ceramic m a t e r i a l s  such as s i l i c o n  c a r b i d e  depends h e a v i l y  
on t h e  d-bond c h a r a c t e r  o f  t h e  meta l  (References  8 and 30) .  These d a t a  i n d i c a t e  a decrease 
i n  c o e f f i c i e n t  o f  f r i c t i o n  w i t h  an i nc rease  i n  d-bond c h a r a c t e r ,  as p r e d i c t e d  f r o m  P a u l i n g ' s  
t h e o r y  . 
The p u l l - o f f  f o r c e  o f  v a r i o u s  me ta l s  i n  c o n t a c t  w i t h  t h e  ho t -p ressed p o l y c r y s t a l l i n e  s i l i -  
con n i t r i d e  i s  p resen ted  i n  F i g u r e  12 as a f u n c t i o n  o f  t h e  d-bond c h a r a c t e r  o f  t h e  t r a n s i -  
t i o n  m e t a l .  The adhes ion  p r o p e r t i e s  o f  m e t a l - s i l i c o n  n i t r i d e  c o n t a c t s ,  l i k e  t h e  f r i c t i o n  
p r o p e r t i e s  o f  m e t a l - s i l i c o n  c a r b i d e  s l i d i n g  c o n t a c t s ,  a r e  r e l a t e d  t o  t h i s  c h a r a c t e r .  The 
g r e a t e r  t h e  pe rcen tage  o f  d-bond c h a r a c t e r ,  t h e  l e s s  a c t i v e  i s  t h e  meta l  and t h e  lower  i s  
t h e  adhes ion .  Converse ly ,  t h e  more a c t i v e  t h e  me ta l ,  t h e  h i g h e r  i s  t h e  adhes ion .  T i t a -  
nium, which i s  a c h e m i c a l l y  a c t i v e  m e t a l ,  e x h i b i t s  a c o n s i d e r a b l y  h i g h e r  adhes ion  i n  con- 
t a c t  w i t h  s i l i c o n  n i t r i d e  than  does rhenium, which i s  a meta l  o f  l e s s e r  a c t i v i t y .  
CONCLUDING REMARKS 
Based upon t h e  development o f  adhes ion  measdr ing  equipment and fundamental  s t u d i e s  o f  adhe- 
s i o n  conducted  w i t h  b o t h  nonox ide  and o x i d e  ceramics ,  t h e  f o l l o w i n g  remarks can be made. 
Th is  t o r s i o n  ba lance ,  wh ich  a l l o w s  adhes ion  measurements i n  vacuum, has proven t o  be va lua -  
b l e  i n  s t u d y i n g  t h e  i n t e r f a c i a l  p r o p e r t i e s  o f  ceramics  and m e t a l s .  The main  advantages 
o f  t h i s  system a r e  i t s  s imp le ,  low c o s t ,  and accu ra te  i n - s i t u  measurements. Forces as 
smal l  as 1 pN can be measured. 
The adhes ion  o f  s i l i c o n  n i t r i d e  t o  s i l i c o n  n i t r i d e  c o n t a c t s  measured i n  d r y ,  moist, and s a t -  
u r a t e d  n i t r o g e n  atmosphere remains low a t  h u m i d i t i e s  below 80 p e r c e n t  b u t  r i s e s  r a p i d l y  
above 80 p e r c e n t .  The adhes ion  a t  s a t u r a t i o n  i s  10 t imes  or g r e a t e r  t han  t h a t  below 
80 p e r c e n t  r e l a t i v e  h u m i d i t y .  The adhes ion  i n  a s a t u r a t e d  atmosphere a r i s e s  p r i m a r i l y  from 
t h e  s u r f a c e  t e n s i o n  e f f e c t s  o f  a t h i n  f i l m  o f  water  adsorbed on t h e  s u r f a c e s .  The s u r f a c e  
t e n s i o n  o f  t h e  wa te r  f i l m  was c a l c u l a t e d  as 5 8 ~ 1 0 - ~  t o 6 5 ~ 1 0 - ~  N / c m .  
for  water  i s  7 2 . 7 ~ 1 0 - 5  N/cm. 
Adhesion c h a r a c t e r i s t i c s  o f  s i l i c o n  n i t r i d e  i n  c o n t a c t  w i t h  m e t a l s ,  l i k e  t h e  f r i c t i o n  char -  
a c t e r i s t i c s  o f  s i l i c o n  c a r b i d e  t o  metal  c o n t a c t s ,  can be r e l a t e d  t o  t h e  r e l a t i v e  chemical  
a c t i v i t y  o f  m e t a l s  i n  u l t r a h i g h  vacuum. The more a c t i v e  t h e  me ta l ,  t h e  h i g h e r  i s  t h e  
adhes ion .  
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r n  
Wn 
d iamete r  o f  t h e  w i r e  
n a t u r a l  f requency  o f  t h e  system 
shear modulus f o r  w i r e  m a t e r i a l  
t o r s i o n a l  s t i f f n e s s  of the  w i r e  ( i t  takes  t h e  p l a c e  o f  t h e  s p r i n g  c o n s t a n t  k ;  t h e  
v a l u e  of  K i s  t h e  moment ( t o r q u e )  necessary  t o  t w i s t  t h e  w i r e  a u n i t  ang le  ( 1  r a d ) )  
p o l a r  moment o f  i n e r t i a  o f  c i r c u l a r  c ross  s e c t i o n  
moment o f  i n e r t i a  o f  t h e  t o r s i o n a l l y  v i b r a t i n g  mass about  t h e  w i r e  a x i s  
l e n g t h  o f  t h e  w i r e  
t o r q u e  ( i . e . ,  t o r s i o n a l  moment) 
ang le  ( i . e . .  t h e  a n g u l a r  d i sp lacemen t  o f  t h e  mass from i t s  e q u i l i b r i u m  p o s i t i o n )  
angu la r  v e l o c i t y  
a n g u l a r  a c c e l e r a t i o n  
n a t u r a l  p e r i o d  o f  t h e  mo t ion  
n a t u r a l  angu la r  f requency  ( o r  c i r c u l a r  f r e q u e n c y ) ,  wh ich  i s  2n t imes  t h e  n a t u r a l  
f requency  f n  
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TABLE I .  - TORSIONAL STIFFNESS K OF MUSIC WIRES 
P r e t e s t s  
K ,  N l m m  
Equa t ion  Adhesion measurements 
K, N l m m  
K o b t a i n e d  from Equa t ion  ( 2 )  
K o b t a i n e d  from Equa t ion  (10) 









aA w i r e  was t w i s t e d  i n  a d i r e c t i o n  o f  normal l o a d  t o  be a p p l i e d  
bA w i r e  was t w i s t e d  i n  a d i r e c t i o n  of p u l l - o f f  f o r c e  t o  be a p p l i e d  
d u r i n g  adhes ion  exper imen ts .  








FIGURE 1. - SCHEMATIC DIAGRAM OF TORSION BALANCE 
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FIGURE 5. - SCHEMATIC CONFIGURATION OF A FERRITE 
PIN, GLASSES, AND A PERMANENT MAGNET (A FERRITE 
P I N  UNDER THE ACTION OF TRANSLATIONAL FORCE I N  
A GRADIENT MAGNETIC F IELD PRODUCED BY A PERMA- 
NENT MAGNET), 
lo 8 E 
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FIGURE 6 .  - MAGNETIC FLUX DENSITY AS 
A FUNCTION OF DISTANCE FROM A PER- 
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FIGURE 7. - PULL-OFF FORCES AS A 
FUNCTION OF DISTANCE BETWEEN A 
FERRITE PIN.  
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FIGURE 8. - PULL-OFF FORCES AS A 
FUNCTION OF MAGNETIC FLUX DEN- 
SITY AT AN INTERFACE BETWEEN A 
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FIGURE 9. - ADHESION AS A FUNCTION 
OF HUMIDITY FOR A HEMISPHERICAL 
SILICON NITRIDE PIN IN CONTACT 
WITH A SILICON NITRIDE FLAT IN 
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FIGURE 11. - ADHESION FOR AS-RECEIVED AND ION-SPUTTER CLEANED CERAMIC-Si3N4 AND 
METAL-S i 3N4 INTERFACES. LOAD, 2 MN; VACUUM, 30 NPA; ROOM TEMPERATURE. 
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FIGURE 12. - PULL-OFF FORCE (ADHESION) 
AS A FUNCTION OF THE PERCENTAGE 
d-BOND CHARACTER OF METALS I N  CON- 
TACT WITH SILICON NITRIDE I N  VACUUM. 
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The r e s u l t s  o f  t h e  i n v e s t i g a t i o n  suggest t h a t  t h i s  t o r s i o n  ba lance has p roven  t o  
be v a l u a b l e  i n  s t u d y i n g  t h e  i n t e r f a c i a l  p r o p e r t i e s  o f  ceramics  i n  c o n t r o l l e d  
env i ronments  such as i n  u l t r a  h i g h  vacuum. The p u l l - o f f  f o r c e s  measured i n  d r y ,  
m o i s t ,  and s a t u r a t e d  n i t r o g e n  atmosphere demonst ra te  t h a t  t h e  adhes ion  o f  s i l i c o r  
n i t r i d e  t o  s i l i c o n  n i t r i d e  c o n t a c t s  remains low a t  h u m i d i t i e s  below 80 p e r c e n t  
b u t  r i s e s  r a p i d l y  above 80 p e r c e n t .  The adhes ion  a t  s a t u r a t i o n  i s  10 t i m e s  or 
more g r e a t e r  t h a n  t h a t  below 80 p e r c e n t  r e l a t i v e  h u m i d i t y .  
s a t u r a t e d  atmosphere a r i s e s  p r i m a r i l y  from t h e  s u r f a c e  t e n s i o n  e f f e c t s  o f  a t h i n  
f i l m  o f  wa te r  adsorbed on  t h e  s u r f a c e s .  The s u r f a c e  t e n s i o n  o f  t h e  wa te r  f i l m  
was c a l c u l a t e d  as 58x10-5 to  65x10-5 N/cm; t h e  accepted  v a l u e  f o r  wa te r  i s  
7 2 . 7 ~ 1 0 - 5  N / c m .  
a l s ,  l i k e  t h e  f r i c t i o n  c h a r a c t e r i s t i c s  o f  s i l i c o n  c a r b i d e  t o  meta l  c o n t a c t s ,  can 
be r e l a t e d  t o  t h e  r e l a t i v e  chemica l  a c t i v i t y  o f  m e t a l s  i n  u l t r a  h i g h  vacuum. 
The more a c t i v e  t h e  m e t a l ,  t h e  h i g h e r  i s  t h e  adhes ion .  
The adhes ion  i n  a 
Adhesion c h a r a c t e r i s t i c s  o f  s i l i c o n  n i t r i d e  i n  c o n t a c t  w i t h  met- 
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